Introduction
Gastric cancer (GC) has become the fourth most common malignant cancer in the world. 1 Almost one million new cases are diagnosed each year. 1 Although the treatments, including chemotherapy, radiation therapy and surgery, can increase the survival rate, approximately 60% of patients succumb to GC. 2 To improve the prognosis of GC, it is necessary to further decipher the detailed molecular mechanisms of GC progression and development. [3] [4] [5] GATA zinc finger transcription factor family consists of six members, including GATA-binding protein 1-6. GATA family protein has been found to bind to the specific DNA sequence (A/T)GATA(A/G) and plays an essential role in development, proliferation and differentiation of several types of tissues and cells, 6 including the kidney, 7 thymocytes, 8, 9 T-lymphocytes, 10 the sympathetic nervous system, 11 luminal glandular epithelial cells of the mammary gland, [12] [13] [14] hair follicles of the skin 15 and adipose tissue. 16 The significance of this transcription factor has been discussed in recent works, and its role as a tumor suppressor or an oncogene has been debated in many papers. 17, 18 A low expression of GATA3 has also been found to be associated with a poor prognosis of breast cancer. 19, 20 Moreover, a recent report showed that GATA3 was downregulated in GC and correlated with poor prognosis in primary gastric adenocarcinoma, 21 but the detailed mechanism of GATA3 in GC development is still unknown.
In this work, we found that GATA3 was downregulated in GC tissue samples and cells. Interestingly, the expression of GATA3 was negatively associated with tumor size, stage and metastasis, but there were no correlations between the expression of GATA3 and gender, age and alcohol consumption. The restoration of GATA3 suppressed cell proliferation, migration and invasion. Moreover, GATA3, a transcription factor, transcriptionally regulated ZEB1, thereby inhibiting epithelial-mesenchymal transition (EMT). Therefore, in this study, we proved that GATA3 serves as an oncogene in GC development and acts as a novel therapeutic target.
Materials and methods

Cell culture and collection of tissue samples
Human gastric epithelial cells GES-1 (Bogu Biotech, Shanghai, People's Republic of China) and human GC cell lines CTC-141 and MKN45 (ATCC, Manassas, VA, USA) were grown in Dulbecco's Modified Eagle's Medium (DMEM; HyClone, Logan, UT, USA) supplemented with 100 U/ml penicillin, 100 μg/ml streptomycin and 10% fetal bovine serum (FBS) at 37°C with 5% CO 2 .
The 83 pairs of GC tissue samples and adjacent normal tissue samples were collected from Zhoupu Hospital during 2013-2016. Written informed consent was obtained from each patient, and the experiments involving human tissue samples were approved by the Clinical Research Ethics Committee of Zhoupu Hospital.
Quantitative real time polymerase chain reaction (qRT-PCR)
RNeasy Mini kit (Thermo Fisher Scientific, Waltham, MA, USA) was used to extract total RNA from tissue samples and cells according to our protocol. Subsequently, cDNA was synthesized using EasyScript Reverse Transcriptase kit (TransGen Biotech, Beijing, People's Republic of China). qRT-PCR was set up using the TransStart Tip Green qPCR SuperMix (TransGen Biotech) and the targeting gene primers (GATA-3: forward: 5′-GCTTCACAATATTAACAGACCC-3′, reverse: 5′-TTAAACGAGCTGTTCTTGGG-3′; E-cadherin: forward: 5′-ATTTCCCAACTCCTCTCCTG-3′, reverse: 5′-GTTGGATTTGATCTGAACCAGG-3′; α-catenin: forward: 5′-AGGTTATTAATGCTGCACTG-3′, reverse: 5-AATGTGATTCTCTGAGACAGC-3′; N-cadherin: forward: 5′-TCATTAATGAGGGCCTTAAAGC-3′, reverse: 5′-GTTCAGGTAATCATAGTCCTGCT-3′; vimentin: forward: 5′-AAATCCAAGTTTGCTGACCTC-3′, reverse: 5′-GGTCTTGGTATTCACGAAGG-3′; ZEB1: forward: 5′-GGTCTTGGTATTCACGAAGG-3′, reverse 5′-CTT-GTCTTTCATCCTGATTTCC-3′). The Ct values were normalized to GAPDH (forward: 5′-TCAAGATCATCAG-CAATGCC-3′, reverse: 5′-ATGGACTGTGGTCATGAGTC-3′). Each experiment was performed at least three times.
Western blotting
Tissue samples and cells were collected and washed three times with cold PBS and then homogenized in RIPA lysis buffer (1% NP-40, 0.5% deoxycholic acid, 50 mM Tris-HCl [pH 8.0], 0.1% sodium dodecyl sulfate (SDS), 150 mM NaCl) containing a cocktail of protease inhibitors (Sigma-Aldrich, St Louis, MO, USA). Following sonication and centrifugation (13,000× g, 15 min, 4°C), the supernatant was collected. The BCA protein assay kit (Pierce, Waltham, MA, USA) was used to determine the protein concentration according to our protocol. Samples were denatured in loading buffer, separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes. Anti-GATA-3 (Abcam, Cambridge, UK; diluted 1:200), anti-ZEB1 (Abcam; diluted 1:200), EMT kit (CST, Danvers, MA, USA; diluted 1:1000) and β-actin (Sigma-Aldrich; diluted 1:5000) were incubated at 4°C overnight followed by incubation with HRPconjugated secondary antibody (Abcam; diluted 1:5000). Specific blots were visualized using the ECL kit (Thermo Fisher Scientific).
Transfection
Cells were transfected with GATA3 siRNA using Lipofectamine RNAi reagent (Thermo Fisher Scientific). The sequences of GATA3 siRNA were: siRNA-1: 5′-GGCUCUACUACA AGCUUCACAAUAU-3′ and siRNA-2: 5′-CCACA CUCUGGAGGAGGAAUGCCAA-3′. 22 Cell Counting Kit-8 (CCK-8) analysis CCK-8 analysis was used to detect the effect of GATA3 on cell proliferation. GATA3 was overexpressed or knocked down in CTC-141 and MKN45 cells. After transcription for 48 h, a total of 3,000 CTC-141 and MKN45 cells were placed in 96-well plates with 200 μl DMEM. Every 24 h, 20 μl CCK-8 regent (Beyotime, Haimen, People's Republic of China) was added, and cells were incubated at 37°C for 90 min. The absorbance at OD 450 nm revealed the number of surviving cells. Each experiment was performed at least three times. 
Colony formation assay
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low expression of gaTa3 promotes cell proliferation and metastasis for 12 days, after which cells were washed with PBS three times and fixed with methanol. After staining with 0.1% crystal violet, the number of colonies was counted under a light microscope. Each experiment was performed at least three times.
Cell cycle analysis
CTC-141 and MKN45 cells were transfected with vector, GATA3, scramble siRNA (SCR) or siGATA3,, respectively, for 48 h. Subsequently, cells were collected and fixed with ice-cold 70% ethanol at −20°C overnight. After washing the cells with ice-cold PBS three times, 1 mg/ml RNase A (Sigma-Aldrich) was added, and cells were incubated at 37°C for 60 min. Finally, cells were stained with propidium iodide (Sigma-Aldrich) for 15 min in the dark, and DNA contents were determined using FACScan flow cytometry. Each experiment was performed at least three times.
Transwell migration and invasion assay
Transwell migration and invasion analysis was used to detect the effect of GATA3 on the migratory and invasive behavior of GC cells. Briefly, for Transwell migration and invasion assay, some Transwell chambers (8 μm pore size; EMD Millipore, Billerica, MA, USA) were coated with 100 μl Matrigel (BD, Franklin Lakes, NJ, USA), and some were left uncoated. A total of 4×10 4 CTC-141 cells were placed on top of Transwell chambers with serum-free DMEM; the lower chambers were filled with 500 μl DMEM containing 10% FBS. Subsequently, cells were incubated at 37°C with 5% CO 2 for 18 h, fixed with methanol and stained with 0.1% violet crystal. Cells that remained on the top of the filter were removed using a cotton swab. Finally, the number of migrated and invaded cells was counted under a light microscope. Each experiment was performed at least three times.
Chromatin immunoprecipitation (ChiP) and quantitative chromatin immunoprecipitation (qChiP) assay
Chromatin Immunoprecipitation Assay kit (Beyotime) was used to perform ChIP analysis according to manufacturer's protocol. Briefly, CTC-141 cells were grown to 80-95% confluence, washed with cold PBS three times and chemically cross-linked with 1% formaldehyde for 40 min at 37°C. Subsequently, cells were lysed with a lysis buffer at 4°C for 60 min and sonicated (four cycles, each cycle 10 times) at 4°C. Following sonication, 2.5 μg GATA3 antibody and anti-rabbit IgG were added to the lysis solution and incubated at 4°C overnight. Protein A beads were used to isolate GATA3-or IgG-interacted DNA fragments. PCR Purification kit (Qiagen, Hilden, Germany) was used to purify the binding chromatin. Each experiment was performed at least three times.
luciferase reporter assay
To determine whether GATA3 could bind to the promoter region of ZEB1, we cloned a fragment of human ZEB1 promoter harboring the putative GATA3-binding site into the pGL3 Basic vector (Promega, Madison, WI, USA). CTC-141 cells were co-transfected with GATA3 plasmids, and the ZEB1-pGL3 Basic vector was constructed. The dual luciferase assay system (Promega) was used to detect the firefly and Renilla luciferase activities. Each experiment was performed at least three times.
statistical analysis
All data were analyzed with Statistical Package for Social Sciences software 18.0 (SPSS Inc., Chicago, IL, USA) and expressed as mean±SD. Correlations between groups were determined using two-sided t-tests. One-way analysis of variance together with Dunnett's multiple comparison tests was used for multiple group comparisons. P<0.05 was considered statistically significant.
Results
gaTa3 is downregulated in gC tissues
A previous study has reported that GATA3 was downregulated in GC. 21 To verify this claim, we collected 83 pairs of tumor tissue samples and adjacent normal tissue samples from GC patients. The expression of GATA3 was detected by qRT-PCR and Western blotting. As shown in Figure 1A and B, both mRNA level and protein level of GATA3 were significantly downregulated in tumor tissue samples. To further decipher the role of GATA3 in GC, we analyzed the correlation between the expression of GATA3 and clinical data of GC patients. Interestingly, the expression of GATA3 was found to be associated with tumor size, stage and metastasis, but there were no correlations between the expression of GATA3 and gender, age, pathological grade of cancer and alcohol consumption (Table 1 ) of patients. We also found that a low expression of GATA2 also predicted a poor prognosis of GC ( Figure 1C ). Our data confirm that an abnormal expression of GATA3 may play a key role in GC.
gaTa3 is downregulated in gC cells
We also found that GATA3 was dramatically downregulated in several gastric cell lines, such as CTC-141 and MKN45, in comparison to normal human gastric mucosal cell line GES-1 (Figure 2A qRT-PCR and Western blotting were performed to detect the expression of GATA3. As shown in Figure 2B and C, GATA3 was markedly upregulated or knocked down when cells were transfected with FLAG-GATA3 plasmid or GATA3 siRNA, respectively. GATA3 siRNA#1 (siGATA3#1) was found to be more efficient, so it was used for the subsequent experiments.
Restoration of gaTa3 levels inhibits the proliferation of gC cells
As shown in Table 1 , a low expression of GATA3 was associated with tumor size, leading us to assume that a downregulation of GATA3 might facilitate the proliferation of GC cells. To determine the role of GATA3 in cell proliferation, CCK-8 assay and colony formation assay were performed. The results suggested that ectopic expression of GATA3 significantly suppressed the viability of CTC-141 cells compared to control groups; however, an inhibition of GATA3 slightly promoted the viability of CTC-141 cells ( Figure 3A) . Since the expression level of GATA3 in GC cells is low, the effect of knocking down GATA3 is not obvious. Similarly, an overexpression of GATA3 obviously suppressed the viability of MKN45 cells compared to the control group ( Figure 3A) . From the colony formation assay, it was confirmed that the restoration of GATA3 levels led to a fall in the number of colonies compared to the control group, but GATA3 inhibition also slightly increased the number of colonies ( Figure 3B ). We further investigated whether GATA3 suppressed cell proliferation through cell cycle regulation. As shown in Figure 3C , ectopic expression of GATA3 largely increased the percentage of cells in G 0 /G 1 phase and decreased the percentage of cells in S+G 2 /M phase, compared to the vector group. However, the inhibition of GATA3 decreased the percentage of cells in G 0 /G 1 phase and increased the percentage of cells in S+G 2 /M phase ( Figure 3C ). Put together, our work shows evidence that the restoration of GATA3 levels inhibited the proliferation of GC cells.
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Restoration of gaTa3 levels inhibits the migratory and invasive behavior of gC cells
Since a low expression of GATA3 seems to have an association with metastasis, we next detected the effect of GATA3 on cell migration and invasion. Transwell migration and invasion analysis was performed to determine the effect of GATA3 on the migratory and invasive behavior of CTC-141 cells. The results of Transwell migration analysis showed that the migratory behavior of CTC-141 cells that overexpressed GATA3 was obviously reduced compared to the control group, mutant GATA3 (R298Q) had little effect ( Figure 4A ). However, the migratory behavior of CTC-141 cells that knocked down GATA3 was slightly increased ( Figure 4A ). Furthermore, Transwell invasion analysis revealed that ectopic expression of GATA3 significantly suppressed the invasive behavior of CTC-141 cells compared to the control groups, mutant GATA3 (R298Q) had little effect; however, inhibition of GATA3 slightly promoted the invasive behavior of CTC-141 cells ( Figure 4B ). These data suggest that GATA3 suppresses the migration and invasive behavior of GC cells.
gaTa3 inhibits eMT in gC cells
EMT is a complex process which plays a key role in cancer metastasis. Several reports have shown that the GATA family has a significant role to play in EMT. 23, 24 To further explore the mechanism of GATA3 in GC metastasis, we determined whether GATA3 regulated EMT in GC cells. As shown in Figure 5A and B, the expression of epithelial markers, including E-cadherin and α-catenin, was obviously upregulated in CTC-141 cells that overexpressed GATA3, but the expression of mesenchymal markers, such as N-cadherin and vimentin, was significantly downregulated. Moreover, mutant GATA3 (R298Q) had little effect on EMT ( Figure 5A and B). However, GATA3 inhibition suppressed the expression of epithelial markers, including E-cadherin and α-catenin, and promoted the expression of 
gaTa3 transcriptionally regulates ZeB1 in gC cells
EMT was found to be regulated by several transcription factors, including slug, snail and ZEB1. [25] [26] [27] Thus, we next explored whether GATA3 regulated the expression of these transcription factors. As shown in Figure 6A and B, we found that only ZEB1 was regulated by GATA3. We next evaluated whether GATA3 transcriptionally regulated ZEB1. ChIP and qChIP assay revealed that GATA3 bounded with the promoter region of ZEB1 ( Figure 6C ). Moreover, luciferase reporter assay suggested that wild-type GATA3 transcriptionally 
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Wei et al suppressed ZEB1, but mutant GATA3 (R298Q) had no effect on ZEB1 ( Figure 6D ).
Overexpression of ZeB1 suppresses the migratory and invasive behavior of gC cells
We aimed to detect whether GATA3 regulated the migratory behavior of GC cells through the regulation of ZEB1 after transfecting CTC-141 cells with ZEB1 siRNA. As shown in Figure  7A and B, the ZEB1 level was obviously lower in CTC-141 cells. ZEB1 siRNA#2 (siZEB1#2) was found to more efficient, so it was used for the subsequent experiments. Subsequently, Transwell migration and invasion assay was carried out to detect the migratory and invasive behavior of each cell group. Consistent with the effect of GATA3 overexpression, knockdown of ZEB1 also dramatically suppressed the migratory and invasive behavior of CTC-141 cells ( Figure 7C and D). These data indicate that GATA3 inhibits the migratory and invasive behavior of GC cells through transcriptionally inhibiting ZEB1.
Discussion
GATA3, a member of the GATA family, has been found to play a key role in facilitating proliferation and development of several tissues and organs. 6, 17, 28, 29 In interfollicular epidermis, GATA3 is required during mouse embryonic development. 28 A downregulation of GATA3 in breast carcinoma is correlated with poor clinical outcome. 12 Therefore, GATA3 may serve as a novel prognostic biomarker. 30 In this study, we detected the expression of GATA3 in GC tissues and cells for the first time. Our results suggest that GATA3 was downregulated in GC tissues and cells. Moreover, the expression of GATA3 was negatively correlated with tumor size and metastasis. Furthermore, a low expression of GATA3 predicted poor prognosis. Similar results have been reported in breast cancer studies. 19, 20 Our work strongly demonstrated that GATA3 plays a significant role in GC development.
Because cell proliferation, migration and invasion are crucial biological features in cancer development, we performed several functional experiments to detect the effect of GATA3 on these biological processes. CCK-8 and colony formation assay indicated that ectopic expression of GATA3 suppressed cell proliferation in GC. In addition, Transwell migration and invasion assay revealed that ectopic expression of GATA3 suppressed cell migration and invasion in GC. Increasing 
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low expression of gaTa3 promotes cell proliferation and metastasis evidence has suggested the important role of EMT in cancer progression, such as metastasis. 31, 32 So, we explored the effect of GATA3 on EMT in GC cells by measuring the protein level and mRNA level of EMT-associated markers. As we expected, an overexpression of GATA3 obviously suppressed EMT in GC cells through increasing the expression of epithelial markers, including E-cadherin and α-catenin, and decreasing the expression of mesenchymal markers, including N-cadherin and vimentin. Multiple reports have shown that EMT is regulated by several transcription factors, such as snail, slug and ZEB1. 23, 24 Luciferase reporter assay and ChIP assay revealed that GATA3 transcriptionally regulated ZEB1, thereby inhibiting EMT in GC. It is better to verify our hypothesis in tumor tissue-derived cells, but all tissue samples in our study have been used for performing qRT-PCR and Western blotting analysis, so the effect of GATA3 on tumor tissue-derived cells will be further decipher in our future research.
In conclusion, our work showed that GATA3 was downregulated in GC tissues and cells. The restoration of GATA3 markedly inhibited cell proliferation, migration, invasion and EMT in GC cells. In addition, we found that GATA3 markedly reduced the expression of ZEB1. These findings confirm that GATA3 serves as an oncogene in GC development.
